This paper proposes a novel wideband Stmcture for array signal processing. The method lends itself well to a Bayesian approach for jointly estimating the model order (number of sources) and the DOAs through a reversible jump Markov chain Monte Carlo (MCMC) procedure. The source amplitudes are estimated through a maximum aposteriori (MAP) procedure. Advantages of the proposed method include joint detection of model order and estimation of the DOA parameters, and the fact that meaningful results can he ob-
INTRODUCTION 2f; '
A w signal Processing, which has found in use in radar, ical exploration, biomedical signal processing, and acoustics [l] , has to do with 1) detection the number of incident sources, 2) estimation of parameters, like directionimpinging onto the array, and 3) recovery of the incident source waveforms. Methods for each of the above objectives can be classified as either narrowband or wideband. For the narrowband scenario, there exist many algorithms The received vector at the nth snapshot can then be written as [6] to solve this detection and estimation problem
mination of model order and the estimation of desired signal
existing methods can attain the objective of joint detection
and estimation simultaneously due to the difficult nature of k=O the problem.
As an extension of the method of [3] , in this paper, we propose a novel wideband model structure which applies eauallv well to both the narrowband and wideband cases.
where' N is the number of snapshots, ;(TI) is an i i d Gaussian variable with zero mean and u?it variance, a; is the noise variance in the observation, H ( r k ) E R M x L is an
. , that detects model order, estimates DOA, and recovers the source waveforms. interpolation matrix and is defined as [6] where Eh, E R M x M is an exchange matrix (i.e., all zeros except for ones along the anti-diagonal) and s k ( t ) , the kth signal, and s k ( n ) , the corresponding discrete-time version, are defined respectively as
The matrix H ( T~) interpolates the kth discrete-time sequence sk(n) to give the desired sequence S k ( t -" r ) , m = 0,. . . , A4 ~ 1. We now re-order (3) into a more convenient form as follows. We define fii(
where & ( T~) is the lth column in the interpolation matrix f i ( 7 k ) ; and a signal vector a ( n ) E R~" as
Then, (3) can be expressed as
1=0
where the signal vector a(n) for 1 = 1, .._, L ~ 1 can he considered known since it consists only of past values of the sources, s k ( n ) for k = 0, ..., K -1. Accordingly, we define a vector z ( n ) as
1=1
and hence we may rewrite (8) in the following form:
which represents the desired form of the model. This model can accommodate either narrowband or wideband sources, without change of structure or parameters [ 6 ] . Furthermore, all quantities in (lo), including the data, are pure real, which leads to significant savings in computations and in hardware. The posterior distribution a(,iZ) of the parameters given the data is now developed. We assume the noise vectors z F o~ example, in the case of the uniform linear array, the interpolation matrix can be computed using a windowed sine(-) funclion. , d , , k l z ) ' x p ( Z l a , T , U~, k ) p ( a l k , T , 6 ' 0~)
where
and k represents an estimate of the true number of sources, K . Assuming that the observations are iid, the total likelihood function is The ( T , k) are estimated from this distribution using the reversible jump MCMC procedure [7] , which V -190 has been discussed in the narrowband context in [3] and [SI.
It is discussed in further detail in the widehand context in [61. The reversible jump MCMC procedure is an extension of the Metropolis Hastings MCMC algorithm [9] [10], and uses proposal distributions corresponding to different dimensions to yield an approximation to the joint posterior distribution of the model order and the parameters. Once the k , T are estimated, the amplitude vector a(n) can he estimated for n = 1,. . . , N according to the method in [6] .
SIMULATION RESULTS
The proposed algorithm is now applied to a wideband sceneno to demonstrate the capabilities ofjoint detection and estimation of ( T , k ) and the source amplitudes sk(n). In this experiment, the model order k and the delay parameters T are kept constant 'throughout the entire observation period, and the hyper-parameters yo and uo are set to zero, corresponding to a non-informative prior. According to the parameters in Table 3 .1, we generate K = 2 sources which are Gaussian processes, each with zero mean and variance equal to 6'02, and handlimited to f E [loo; 4001 Hz (60% relative bandwidth). The incident angles 0 are separated by an angle less than a half standard heamwidth [ I ] at the lowest frequency of interest. An array of A4 = 8 sensors is used to generate N = 50 snapshots using (8) . with an S N R = 14dB. The corresponding hyperparameter 6' = 25.12 is assumed known and constant.
parameters. As shown in Fig. I , the algorithm takes about 25 iterations to converge to the correct order and about 2,000 iterations for a bum-in before the chain centres on the true delay values, as shown in Fig. 2 . Table 3 .2 summarizes a comparison between the true and estimated values of T . Fig.  3 shows that the signal amplitudes are well separated and restored by the proposed MCMC method. The mean-squared errors of the restored signals relative to the true signal amplitudes are -16.19dB and -15.97dB, respectively.
The variances of the estimated T are plotted in Fig. 4 along with the respective theoretical CRLBs [ I l l , The algorithm is applied to 100 independent trials using the parameter values listed in Table 3 . l , over a range of SNR from Fig. 4 , the variances of the estimates from these trials approach the CRLB closely. The algorithm starts to break down for SNR levels lower than -2dB for this set of parameters. The reasons why the vanances do not come closer to the theoretical CRLB are [6] : 1) interpolation errors when a non-ideal interpolation function is used and 2) the suboptimal procedure for estimating the source amplitudes. Further simulation results show [6] that the probability of an error in detection of the model order tends to diminish toward zero with increasing number of snapshots, N, for SNR values above threshold. versiblejump MCMC procedure, and the source amplitudes can also be recovered. Simulation results support the effectiveness of the method, and demonstrate reliable detection of the number of sources and estimation of TOAs in white noise environment with a single linear array.
